Disruption of spermatogenesis found in azoospermia and oligozoospermia is thought to be of primarily genetic origin. Sl͞Sl d mutant mice offer a model system in which lack of transmembrane type c-kit ligand (KL2) expression on the somatic Sertoli cell surface results in disruption of spermatogenesis. We investigated the ability of adeno-, adeno-associated-, retro-, and lentiviral vectors to transduce Sertoli cells and found that transduction with either adeno-or lentiviral vectors led to reporter gene expression for more than 2 mo after testicular tubule injection. Because adenoviral vectors showed toxicity, lentiviral vectors were used to express the c-kit ligand in Sl͞Sl d Sertoli cells. Restoration of spermatogenesis was observed in all recipient testes. Furthermore, the sperm collected from recipient testes were able to generate normal pups after intracytoplasmic sperm injection. None of the offspring carried the transgene, suggesting the inability of lentiviral vectors to infect spermatogenic cells in vivo. We propose that lentiviral vectors can be used for gene therapy of male infertility without the risk of germ-line transmission.
W
orldwide, up to 20% of couples are infertile. Approximately 30-50% of human infertility is attributable to male infertility, 70-90% of which arises from disrupted or impaired spermatogenesis with a clinical outcome of azoo-or oligospermia (1, 2) . Spermatogenesis takes place within the testicular seminiferous tubules that are composed of germ cells, Sertoli cells, and peritubular cells lining the tubule. This process involves a mitotic germ cell proliferation, meiosis, and morphological changes of haploid germ cells to mature spermatozoa. Successful spermatogenesis, however, requires participation outside tubules, interstitial cells such as Lydig cells that produce androgen, macrophages, mast cells, and lymphoid cells. This intricate network of interactions is regulated by many growth factors and hormones and depends on intimate contact between germ cells and somatic Sertoli cells (3) . Sertoli cells play a seminal role in normal spermatogenesis by providing not only structural support but also a variety of growth factors required for differentiation and proliferation of germ cells. In addition, inter-Sertoli cellular tight junctions confer the ''blood-testis barrier'' and partition the testis into an intratubular compartment (4, 5) . Therefore, Sertoli cell dysfunction will impair spermatogenesis and result in male infertility. Currently there are no effective modalities to correct such genetic defects in animals or humans (6, 7) .
To investigate whether viral-vector mediated gene transfer can be used for correcting Sertoli cell dysfunction, we used Sl͞Sl d mutant male mice that have Sertoli cell dysfunction and are consequently infertile. The Sl locus (steel) encodes both the soluble and membrane-bound forms of c-kit ligand (KL) that bind to the c-kit tyrosine kinase receptor synthesized by the W locus (dominant white spotting). In the testis, the c-kit receptor is expressed on the germ cells from spermatogonia, whereas the c-kit ligand is produced by the somatic Sertoli cells, and interaction between these two factors is essential for spermatogonial cell proliferation. The Sl mutation deletes the entire Sl gene, whereas the Sl d mutation deletes the transmembrane and intracellular domain, thereby generating only soluble forms of the c-kit ligand (KL1) and leading to azoospermia. Additionally, seminiferous tubules of these mice are virtually devoid of germ cells, a clinical condition known as Sertoli cell only syndrome (8) . We therefore asked whether spermatogenesis can be restored in Sl͞Sl d mice by transducing Sertoli cells with lentiviral vectors generating functional the c-kit ligand, KL2. We report that not only is spermatogenesis restored in all recipient testes, but also spermatozoa collected from transduced testes were able to generate normal pups by microinsemination.
Materials and Methods
Preparation of Viral Vector Plasmids and Viral Vector Production. The AdV-CMV-nlslacZ (nls, nuclear localization signal; AdV, adenoviral vector; CMV, cytomegalovirus) vector and the AAV-CMV-lacZ (AAV, adeno-associated virus type 2) vector were prepared as described (9, 10) . In this study, we constructed the pRV-CMV-nlslacZ plasmid in the murine leukemia virus-based retroviral vector, pCLNCX (11) by replacing a fragment containing the neo resistant cassette and the CMV promoter with CMV-nlslacZ-WPRE (WPRE, woodchuck hepatitis virus posttranscriptional regulatory element). We constructed the pLV-CMV-nlslacZ and pLV-CMV-lacZ (LV, lentiviral vector) plasmids in the HIV-based self-inactivating lentiviral vector, pRRLsin-hPGK-EGFP (EGFP, enhanced green fluorescent protein) by replacing the hPGK-EGFP fragment with the CMVnlslacZ or CMV-lacZ fragment, respectively (12) . To construct pLV-CMV-KL2, we replaced the nlslacZ fragment of pLV-CMV-nlslacZ with the KL2 fragment amplified by PCR from the testicular cDNA library with primers (KL2for: 5Ј-ctggatccgccaccatgaagaagacacaaacttgg-3Ј) and (KL2rev: 5Ј-ctgtcgactattacacctcttgaaattctctc-3Ј). Vesicular stomatitis virus G envelope protein-pseudotyped retroviral and lentiviral vectors were generated as described (12) .
Recipient Mice and Viral Vector Injection Procedure. In the first experiment, we injected recombinant adenoviral, AAV, retroviral, and lentiviral vectors into male C57BL͞6 ϫ DBA2 F1 hybrid mice (B6D2F1) at 6 wk of age. Approximately 10 l of viral vector solution containing 0.04% trypan blue was injected into seminiferous tubules via the efferent ductules. Viral vector was injected into the right testis and the left testis remained as control. In the second experiment, B6D2F1 male mice were injected with the LV-CMV-nlslacZ vector into both testes at 6 wk of age and housed with 3 B6D2F1 females for 3 mo. In the third experiment, Ϸ3 l of LV-CMV-KL2 vector was injected into Sl͞Sl d male mice at 3-6 wk of age. In all experiments, recipient mice were anesthetized by i.p. injection of Avertin before the operation. The seminiferous tubule injection was performed according to the method described (13) , and more than 70% of seminiferous tubules were filled with solution as determined by trypan blue. PCR and Southern Blot Analysis. To determine the germ line transmission of viral vector DNA, genomic DNA from the tail tip of offspring derived from male mouse transduced lentiviral vector was analyzed by PCR. We performed 30 cycles of PCR with lacZfor (5Ј-gcgccgaaatcccgaatctc-3Ј) and lacZrev (5Ј-tctccaggtagcgaaagcca-3Ј) primers to detect the lacZ transgene. Genomic DNA from heterozygous ROSA26, which carry a single copy of the lacZ transgene per diploid genome, was used as positive control (14) . For KL2 transgene detection, we performed 30 cycles of PCR with KL2for and KL2rev primers described above. Wild-type genomic DNA was spiked with exogenous pLV-CMV-KL2 plasmid DNA to prepare a positive control, which carries a single copy of the KL2 gene per diploid genome. For Southern blot analysis, genomic DNA (10 g) was digested with EcoRI, separated by electrophoresis in a 0.8% agarose gel, and blotted onto a nylon membrane before hybridization with the 32 P-random-prime-labeled 434-bp NciI-BglI fragment of Sl cDNA.
Western Blot Analysis and Immunohistochemistry. Lysates from 293T cells and testicular cells were subjected to SDS͞PAGE under reducing conditions. Proteins transferred to the poly(vinylidene difluoride) (PVDF) membrane were probed by mouse anti-KL antibody (Santa Cruz Biotechnology), rabbit anticalmegin antiserum (15) , and rabbit anti-actin antibody (Sigma). Frozen sections (6 m) prepared as above were also subjected to immunohistochemistry with rabbit anti-calmegin antiserum.
Microinsemination. Spermatogenic cells were collected from recipient Sl͞Sl d male mice and frozen as described (16) . The cells were thawed before injection, and then elongated spermatid and testicular spermatozoon were injected into wild-type B6D2F1 unfertilized oocytes. Treated eggs were cultivated for 48 h and the four-to eight-cell stage embryos were transferred to pseudopregnant females.
Results

Comparison of Transduction Efficiencies.
To study the efficiency and efficacy of gene transfer and expression in vivo in testis, we used recombinant adenoviral, AAV, retroviral, and lentiviral vectors containing the Escherichia coli lacZ gene with or without nls as a reporter under the control of the CMV promoter. Because it is difficult to equalize the concentration of different kinds of viral vectors, we prepared viral vector solutions as follows: AdV-CMV-nlslacZ at 1 ϫ IU͞ml. When we injected approximately 10 l of viral vector solution containing 0.04% of trypan blue into seminiferous tubules through efferent ducts, more than 70% of seminiferous tubules were filled. We injected viral vectors into the right testis, and the left was used as a control. At 2 mo after injection of viral vectors, treated male 
nlslacZ). (c) Adeno-associated viral vector (AAV-CMV-lacZ). (d) Retroviral vector (RV-CMV-lacZ). (e) Lentiviral vector (LV-CMV-nlslacZ). ( f) Lentiviral vector (LV-CMV-lacZ). (g)
The values are percent testes weight (injected right testis͞uninjected left testis, mean Ϯ SD) at 2 mo after injection. AdV-CMV-nlslacZ; 36.1 Ϯ 10.2 (n ϭ 6), AAV-CMV-lacZ; 102.0 Ϯ 3.5 (n ϭ 3), RV-CMV-lacZ; 101.6 Ϯ 6.4 (n ϭ 4), LV-CMV-nlslacZ; 100.9 Ϯ 4.6 (n ϭ 7), LV-CMV-lacZ; 86.8 Ϯ 14.8 (n ϭ 4). (h and i) X-Gal-stained frozen testis cross sections. Nuclear localization and cytoplasmic diffusion of ␤-galactosidase in Sertoli cells were observed with LV-CMV-nlslacZ (h) and LV-CMV-lacZ (i), respectively. (j) Morphologically normal spermatogenesis was observed in the testis injected with LV-CMV-nlslacZ. [Bar ϭ 2 mm (a-f ) and 50 m (h-j).] mice were killed, and whole testes were stained with X-Gal ( Fig.  1 a-f ). In the testes injected with adenoviral vector, strong expression of the nlslacZ gene was observed (Fig. 1b) ; however, the testicular weight was significantly decreased (compare Fig. 1  a and b , approximately one-third of the control; see Fig. 1g ). With the exception of adenoviral vectors, little effect on testicular weight could be detected by the other three vectors (Fig. 1g) . Nuclear localized expression of nlslacZ in Sertoli cells and impaired spermatogenesis were confirmed in the frozen sections (data not shown). The data obtained with AdV-CMV-nlslacZ were consistent with the results reported before (17, 18) . In the testes injected with AAV or retroviral vector, no cells stained with X-Gal could be found in either whole testis ( Fig. 1 c and d) or frozen section (data not shown). Testes transduced with lentiviral vector expressed the nlslacZ and lacZ gene without impairing spermatogenesis (Fig. 1 e and f ) . When we stained frozen sections from lentiviral vector transduced testis, nlsLacZ expression along the basement membrane in clusters of seminiferous tubules (Fig. 1h) and cytoplasmic lacZ expression throughout the basement to the lumen could be observed (Fig. 1i) . These staining patterns are characteristic of Sertoli cells, and reporter gene expression was observed over a period of 6 mo (data not shown). Morphologically normal spermatogenesis was observed in the testis injected with LV-CMVnlslacZ (Fig. 1j) .
Lack of Germ Line Transmission. To investigate germline transmission of lentiviral DNA after intratesticular tubule injection, wild-type B6D2F1 male mice injected with approximately 10 l of LV-CMV-nlslacZ lentiviral vector into both testes (1 ϫ 10 8 IU͞testis) were housed with wild-type B6D2F1 females for 3 mo. Recipient male mice could copulate within a few days after viral injection, and normal numbers of pups were born over a period of 3 mo (average litter size, 8.5 Ϯ 1.7). Numbers of pups obtained from copulation in the first, second, and third months were 129, 125, and 136, respectively. A total of 390 pups obtained from 5 male mice were analyzed by PCR amplification of the lacZ gene, but none carried the lentiviral DNA ( Table 1) . As a positive control, we used heterozygous ROSA26 ''knock-in'' mouse DNA, which carries a single copy of the lacZ gene (14) . We therefore conclude that transduction of testis by lentiviral vectors does not lead to germ line transmission.
Transduction of Sertoli Cells. Because lentiviral vectors can efficiently transduce Sertoli cells, we next asked whether they can be used to correct the defect in Sl͞Sl d mutant mice. In these mice, Sertoli cell dysfunction results in disrupted spermatogenesis (8) . However, some spermatogonia are present in a few seminiferous tubules in Sl͞Sl d mutant testis, and these germ cells can proliferate and differentiate into functional mature spermatozoa when transplanted into seminiferous tubules containing functional Sertoli cells (19) . Because Sl͞Sl d mutant Sertoli cells express the soluble (KL1) but not the transmembrane form (KL2) of the c-kit ligand (20) , we generated the LV-CMV-KL2 lentiviral vector to express the KL2 gene under the control of the CMV promoter. Recombinant KL2 protein can be detected as a 31-kDa protein (21) in transduced 293 T cells (Fig. 2a, lane 2) . We injected Ϸ3 l of the LV-CMV-KL2 lentiviral vector (3 ϫ 10 7 IU) into testicular tubules of Sl͞Sl d mutant mice. At various time periods after treatment, we killed Sl͞Sl d mice and analyzed the restoration of spermatogenesis (Table 2 and Fig. 2 b-g ). By Western blot analysis, expression of recombinant KL2 (31 kDa) and calmegin (93 kDa) was detected only in the treated testis (Fig. 2b, lane 2) . Because calmegin is expressed only in differentiating germ cells (pachytene spermatocyte to spermatid) but not in Sertoli cells (22, 23) , the existence of calmegin protein suggested restoration of spermatogenesis. Within 1 mo of LV-CMV-KL2 lentiviral vector injection, treated testis became almost twice the size of untreated testis and sustained the increased weight over a period of at least 5 mo (Table 2 and Fig.  2c ). Histological analysis revealed morphologically normal spermatogenesis in nine of nine recipient testes (Fig. 2 d-g ). Empty seminiferous tubules can be seen in the mutant mice (Fig. 2d) , whereas in the transduced mice, a considerable number of filled seminiferous tubules can be detected (Fig. 2e) . When we immunostained sections with anti-calmegin antibody, approximately 48% of seminiferous tubules in the treated testis contained the differentiating germ cells (Table 2 and Fig. 2g ), whereas seminiferous tubules in wild-type and Sl͞Sl d contained 100% (100͞ 100) and 0% (0͞100), respectively. Mature spermatozoa (Fig. 2f ) were also found in the seminiferous tubule lumen in six of six testes observed at 2 mo or later. A small amount of live and motile spermatozoa could be squeezed out from the epididymis of recipients 116 and 117.
Restoration of Spermatogenesis and Fertility. Although spermatogenesis can be restored in Sl͞Sl d mutant testis by lentiviral gene transfer, we could not collect a sufficient number of spermatozoa from the epididymis for normal in vitro fertilization (Ϸ1 ϫ 10 4 spermatozoa are required). Therefore we resorted to intracytoplasmic injection of spermatogenic cells, a widespread microinsemination technique for male infertility treatment (24) . We collected late-stage spermatid and spermatozoon from LV-CMV-KL2 treated Sl͞Sl d mutant testis and injected them into unfertilized wild-type B6D2F1 oocytes (Table 3) . A total of 90 oocytes were injected, and 59 of them developed normally in vitro. We obtained 13 progeny by transferring these embryos into pseudopregnant females (Fig.  3a) . To confirm the inheritance of both Sl deletion and Sl d mutation, we analyzed the genomic DNA from the weanlings by Southern blot analysis (Fig. 3b) . The wild-type locus (ϩ) shows 13-and 4.3-kb bands. The Sl locus gives no bands, whereas the Sl d locus gives 7-and 4.3-kb bands, respectively. Sl and Sl d haplotypes of the donor germ cells were segregated during meiosis and transmitted to offspring. Among the 13 offspring, 6 mice carried the wild-type and Sl d locus, and 7 mice carried the wild-type and Sl locus, as shown in #1 (Sl d ͞ϩ) and #2 (Sl͞ϩ), respectively (Fig. 3b) . None proved to be transgenic for lentiviral vector carrying KL2 gene (Fig. 3c) , thus establishing that, whereas there is correction of the Sertoli cells, there is no germline transmission of the transgene.
Discussion
Currently four main viral vectors are available for in vivo gene delivery (25) . We injected all four viral vectors into seminiferous tubules and investigated their transduction performances in Sertoli cells. Adenoviral vectors displayed strong expression but had deleterious effects on spermatogenesis. Additionally, the lack of long-term expression because of immune problems will be a handicap. However, Kanatsu-Shinohara et al., using lower viral titers, succeeded in expressing the transgene over 3 mo with decreased transduction efficiency (26) . No transduction of seminiferous tubules could be observed with AAV vectors (Fig. 1c) . When we injected vesicular stomatitis virus G envelope proteinpseudotyped retroviral and lentiviral vectors, efficient gene delivery into Sertoli cells was obtained only with the lentiviral but not with the retroviral vector. This result is consistent with the fact that retroviral vectors require recipient cell division during their transduction, whereas lentiviral vectors can transduce nondividing cells (25, 27) .
Do Lentiviral Vectors Transduce Germ Cells?
This is an important concern for the clinical application of gene therapy. At least 90% of the cells in testis are germ cells, and 95% of them are differentiating cells (28) . No evidence of spermatogenic cell transduction was observed with the lentiviral vector by histological and mating experiments (Tables 1 and 3 ). In contrast, Nagano et al. (29) have reported that vesicular stomatitis virus G envelope protein pseudotyped retroviral vectors can transduce male mouse germ cells in vitro, and some of the offspring carry the transgene. Because Sertoli cells cover spermatogenic cells and remove particles in the seminiferous tubule lumen by active endocytosis (30) , the viral vector may not reach spermatogenic cells in vivo. The blood-testis barrier, because of inter-Sertoli cell tight junction, is also helpful in preventing viral infection of spermatogonia, which are localized at the peripheral part of the seminiferous tubule. Although no animal studies have shown germ line transmission after in vivo viral vector treatment (31) (32) (33) (34) , further large-scale and detailed studies may be required, because it is difficult to totally rule out the possibility of germ line transmission.
Rescue of Infertility. Although transduction by lentiviral vectors containing KL2 restored spermatogenesis, and testicular spermatozoa were able to generate normal pups by the assisted fertilization technique (Fig. 3a) , we could not obtain pups by normal mating. Possible explanations are: (i) the number of Sertoli cells transduced by the lentiviral vector might not be enough; (ii) the mating period was not long enough, because 5.5-8 months were required to acquire in vivo fertility when Sl͞Sl d spermatogonia cells were transplanted into adult W͞Wv testis (19) ; and (iii) the CMV promoter was used in this study, whereas endogenous c-kit ligand expression is tightly regulated by differentiation and stage-specific manner (21) . Because recovery of in vivo fertility was reported in W͞Wv male mice with the restoration of spermatogenesis in 66 and 25% of seminiferous tubules in a pair of testes (19) , our values (48% of tubules) are comparable. Intracytoplasmic injection of spermatogenic cells is a powerful assisted fertilization technology applicable for oligo-or azoospermia (24) . In fertility clinics, the epididymal spermatozoon, the testicular spermatozoon, and spermatid are routinely used. However, this microinsemination technique is not beneficial for male infertility patients with totally disrupted spermatogenesis (24) . Therefore, spermatozoa obtained by restoration of spermatogenesis offer a viable approach.
We propose that lentiviral vector-mediated gene transfer to Sertoli cells is not only useful to study spermatogenesis but also may become an option for male infertility treatment. No human equivalent to the Steel mutation has been documented, but recent studies revealed genes such as claudin-11, protein C inhibitor, and tyro-3 families are essential for Sertoli cell function to support normal spermatogenesis (35) (36) (37) . Lack of these genes resulted in disrupted spermatogenesis similar to the Sertoli cell only syndrome. Gene therapy approaches, along with germ cell transplantation and assisted fertilization techniques, offer a potential novel treatment for male infertility. 
